A series of reversible cluster formation and degradation reactions with neutral metal carbonyls and carbonyl hydrides was studied by high-pressure IR-spectroscopy, under CO and/or H2 pressure, in alkane solutions. Fundamental reversible reactions were analyzed for cobalt, rhodium, ruthenium, and mixed Co-Fe, Co-Ru and Co-Rh carbonyl systems. Log K vs l/T equations, their graphical illustrations and thermodynamic parameters are given for the homometallic Co, Rh and Ru systems.
INTRODUCTION
The chemistry of transition metal carbonyl clusters has attracted considerable interest since the mid-l960's. There is a growing amount of scientific knowledge on the formation and degradation reactions of the cluster carbonyls, however, mainly in terms of preparative routes. In contrast to the dramatic increase of efforts on this field, only a few studies are known which treat in a quantitative way the reversible reactions of type (1) or (2) with the aim of obtaining thermodynamical data for them.
Mx(CO)y + a Co n Mx/n(CO){a+y}/n (1) Mx(CO)y + b H2 fl H2b,flMx/fl(CO){y.w}/fl + W CO (2) Besides the p se importance of the knowledge of the reaction enthalpies and entropies for such processes the direct determination of these thermodynamic parameters via measurements of the temperature variation of the equilibrium constants, represents a complementary source of thermochemical data, which adds to the direct calorimetric results.
I wish to emphasize two important advantages of our method:
(1) the uncertainties of the equilibrium measurements are generally small since the reaction enthalpies themselves are much smaller than the enthalpies of formation of the carbonyls. These relationships are illustrated for the system of the cobalt carbonyls in Fig. 1 . At the time of starting our studies in this field (1975) only a few papers existed on metal carbonyl equilibria: those of Ercoli et al. on the dicobalt octacarbonyl vs. tetracobalt dodecacarbonyl equilibrium (Eq.6 in Table 1 .), determined with pure molten phases (i.e. without solvent) of the carbonyls [11, and in a toluene-heptane mixture, respectively [21, and the publication of Ungváry on the dicobalt octacarbonyl vs. cobalt carbonyl hydride equilibrium (Eq.5 in Table 1 .) in heptane solution [31.
On this last mentioned equilibrium another study has been published meanwhile by Alemdarolu et al. [4] . We have found this data, however, to be in error, and could essentially confirm the data of Ungváry as it will be shown further on. The main obstacle for investigations of this kind seems to be the difficulty related to the gaseous state of the free form of the entering reactants CO and/or (3) where K is a practical value of the equilibrium constants, obtained for the reactions of type (1) according to:
i.e. the partial pressure of carbon monoxide (or hydrogen, in the equilibria involving hydrides) is used rather than the concentration of the dissolved gas. The total pressure observed in the experiments is corrected, at this level, only by the subtraction of the vapor tension of the solvent n-hexane. It is clear that the degree of completion of these reactions depends on the concentration of the gaseous reactants (CO, H2) dissolved in the liquid phase. Thus these equations are valid only for the particular solvent used. In our studies we used throughout n-hexane as the solvent to allow the comparison and combination, respectively, of the equations obtained for the different systems.
On this point a critical comment seems appropriate concerning the choice of the solvent by some authors. In some papers dealing with the results of high-pressure IR spectroscopic results involving carbon monoxide the solvents were chosen according the criterion that carbon monoxide should have a low solubility, to reduce the disturbing effect of dissolved CO in the IR spectra. This argument is scientifically invalid, since low solubility gives rise to low conversion values, and for making the reactions more complete, higher pressures are needed. This in turn increases the intensity of the broad absorption band of carbon monoxide.
Keeping in mind the observation that, for alkanes, the solubility of carbon monoxide or hydrogen is roughly constant if it is expressed in molar fractions, i.e. ca. 1.8 x iO mol/mol [5] , a ca. 2.63-times higher pressure is needed to obtain the same concentration in the liquid phase if e.g. hexadecane is used as solvent instead of hexane.
With the use of high-MW solvents also reaction rates are often reduced owing to the higher viscosity of these solvents and consequently to the lower diffusion rate of the gases. (3) were obtained are shown in Table 1 . (For the discussion of the thermodynamic parameters vide infra). Ru3(CO)12 + 3 CO 3 Ru(CO)5 log K = -10.70 + llll/T (8) We developed a computer plot-programme to present these equilibrium systems in graphical form. These plots (c.f. Fig. 2-5 ) are the usual complex equilibrium representations, similarly to e.g. titration curves;
±11 I 1 -3.00 -2.00 -1.00 0.00 1.00 2.00 3.00 4.00 The narrow spacing of the curves is a consequence of the very low temperature-dependence of K, i.e. of the low tHI value (vide infra).
In by comparison of Eq. (9) Table 2 .
Metal carbonyl clusters: thermodynamics and stability 549 (6) and (7).
MIXED METAL CARBONYL CLUSTERS
The cluster compounds HC03M(CO)12 (M=Fe or Ru) are usually prepared through acidification of the corresponding anions which, in turn, are obtained in various yields, in Lewis-base solvents, from different homometallic precursors [11] . We were interested to learn if the neutral dodecacarbonyl characterized by X-ray diffraction [13] .
HC03Fe(CO)12 turned out to be thermodynamically unstable. It is not formed thermally from any of the iron carbonyls and cobalt carbonyl hydride. In turn, if it is prepared via its anion, it invariably and irreversibly decomposes to Fe(CO)5 and Co2(CO)8/HCo(CO)4 (or Co4(CO)12 + H2) under any CO/H2 mixture [14] .
In contrast, for HC03Ru(CO)12 conditions could be found where this mixed cluster forms stable equilibrium mixtures with various monometallic cobalt and ruthenium carbonyls and (small amounts of) other (HRu)4_xCox(CO)l2, (x=0,1,2,4) clusters [14] . Fig. 9 shows that this equilibrium can be reached from both sides, with p(H2)=100 bar and 
